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Abstract		
In order to provide realistic data for air pollution inventories and source apportionment at 
airports, the morphology and composition of ultrafine particles (UFP) in aircraft engine 
exhaust were measured and characterized. For this purpose, two independent measurement 
techniques were employed to collect emissions during normal takeoff and landing operations 
at Brisbane Airport, Australia. PM1 emissions in the airfield were collected on filters and 
analyzed using the particle-induced X-ray emission (PIXE) technique. Morphological and 
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compositional analyses of individual ultrafine particles in aircraft plumes were performed on 
silicon nitride membrane grids using transmission electron microscopy (TEM) combined with 
energy-dispersive X-ray microanalysis (EDX). TEM results showed that the deposited 
particles were in the range of 5 to 100 nm in diameter, had semisolid spherical shapes and 
were dominant in the nucleation mode (18 – 20 nm). The EDX analysis showed the main 
elements in the nucleation particles were C, O, S and Cl. The PIXE analysis of the airfield 
samples was generally in agreement with the EDX in detecting S, Cl, K, Fe and Si in the 
particles. The results of this study provide important scientific information on the toxicity of 
aircraft exhaust and their impact on local air quality. 
1. Introduction	
The toxicity of aircraft exhaust particles depends on their chemical composition, and 
therefore, its characterization is essential in such environments, in order to assess their 
potential health effects. An understanding of chemical composition is also necessary for 
source apportionment analysis at or near the airport and for developing air pollution 
inventories. 
Particles which are directly emitted from aircraft engines contain primary carbonaceous 
particles, as a result of the incomplete combustion of fuel, and also non-volatile organic 
compounds. Over 90% of the organic particle mass from aircraft engines could be from the 
lubrication oil 1. Previous studies reported that aircraft engine particle emissions during 
takeoff and landing were predominantly in the ultrafine size range and contained both 
nucleation and accumulation mode particles, 4 to 100 nm, at a distance of 60 to 80 m 
downwind from the moving aircraft. The total particle number concentrations in the aircraft 
plumes were reported to be of the order of 106 m-3 under these conditions, and the fractional 
contribution of nucleation and accumulation modes to particle number concentrations were 
more than 90% and less than 1%, respectively, for most types of aircraft 2. In contrast, aircraft 
ground movements generate larger particles from aircraft tire wear or turbulence, especially 
during landing and takeoff. A review article on the non-exhaust particles from road traffic 
concluded that particles generated as a result of brake wear are mainly between 1 and 10μm 3. 
It is also pointed out in the European Environmental Agency emission inventory guidebook, 
prepared for the United Nations Economic Commission for Europe (UNECE) convention, 
that tire wear particles for vehicles have two modes, consisting of particles smaller than 1 μm, 
as well as larger than 7μm 4. Therefore, assuming that equivalent data for road vehicles can 
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be used for aircraft studies, due to the lack of data for aircraft brakes or tires, the non-exhaust 
particles generated from vehicle and aircraft movements in the airfield are considered to be 
mainly larger than 1 μm. Solid non-volatile metallic particles are also emitted from aircraft 
engines as a result of engine erosion and also due to metal impurities in the fuel 5. 
A range of elements were reported in the PM2.5 samples collected from four commercial 
aircraft engines on a testing pad, where Al, S, Mn, Si, Fe, Cr and Mg had the larger 
abundances, and the authors concluded from their ion analysis that most of the sulfur on the 
filter exists as sulfate 6. In another study, Mg, Al, Si, S, K, Ca, Fe, and Ba were reported in 
significant concentrations in the 24-hr PM2.5 samples, collected close to the runways and at 
nearby community locations at two Californian airports. S was found to have the highest 
concentration and was attributed to the emissions from vehicular and aircraft traffic 7. As part 
of the Aircraft Particle Emissions eXperiment (APEX) study, elemental composition and 
water-soluble ions in particle emissions, in terms of PM2.5 in the exhaust of seven turbofan 
aircraft engines, were analyzed using X-ray fluorescence (XRF) spectroscopy. A range of 
elements were detected in these samples including Mg, S, Ca, Fe, Zn, In, I, Si, Cl, Cr, Ni, Br, 
Sb, P, K, Mn, Cu. Ag and Te. S had the highest abundance and these results were related to 
the finding that SO4-2 was the largest single component in the total ion (range 53-72%). The 
detected trace elements were thought to come from fuel impurities, lubricating oils, engine 
wear, sampling lines and dust, without further discussions on their origin 8,9. 
Lelièvre et al. conducted gas and particle measurements at Paris Charles de Gaulle airport, as 
part of the AIRPUR study 10. They collected transmission electron microscopy (TEM) 
samples near runways. Analysis of the samples showed the presence of a soot mode (20-40 
nm) and trace elements, including S, Si, Fe, Ca, Mg and K. These findings were presented 
without mentioning the types of aircraft and the distance of the sampling location from the 
runway, which is significant in relation to plume dispersion. In another study, TEM samples 
were collected from a gas turbine engine operated under cruise conditions in the laboratory 
and the morphology and sizes of the sampled soot particles were identified as agglomerates 
of spherical particles in the 20-50 nm size range 11. 
Results for ground based and in-flight measurements from a research aircraft (ATTAS) 
showed that non-volatile fraction of aircraft particle emissions with diameters larger than 14 
nm can be interpreted as black carbon 12. However, this paper did not present any detailed 
discussions on the shape and morphology of these particles. In another study, aircraft residual 
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particles larger than 100nm from evaporated ice crystals were sampled 10km behind a 
commercial aircraft and analyzed using a scanning electron microscope (SEM) equipped with 
a windowless energy-dispersive X-ray detector 13. Major elements in the contrail and cirrus 
residuals were identified as C, O, Si, S, and the metallic elements Fe, Cr and Ni. However the 
images of the sampled particles in the paper were of poor quality and the actual shape and 
structure could not be discerned. SULFUR experiments to determine aerosol and contrail 
formation in the aircraft engine exhaust for different fuel sulfur content (FSC), flight 
conditions and aircraft engine type found that the number of volatile particles in the aircraft 
engine exhaust is 100 to 1000 times larger than soot particles 14. The sizes of these volatile 
particles were reported to be larger than 1.5 nm and were dependent on plume age, the 
amount of sulfuric acid present and the condensable organic matter. However no analysis of 
the morphology of these particles was presented.  
The previous studies were mostly focused on PM2.5 and were conducted under controlled or 
in-flight conditions. The review presented above shows how little scientific knowledge is 
available on the chemical composition and toxicity of ultrafine particle emissions in aircraft 
engine exhaust during real-world conditions and their impact on local air quality. This 
motivated our research, in which two different analytical methods, requiring different 
sampling methodologies, were employed to determine the chemical composition of PM1 in 
the airfield, as well as the morphology of aircraft engine exhaust ultrafine particles during 
normal landing and takeoff operations. Filter samples were collected on the side of the 
runway at Brisbane Airport, Australia to quantify elemental composition of PM1 in the 
airfield using particle-induced X-ray emission (PIXE). Further, the size distribution and 
shape of UFPs in the aircraft exhaust was determined by examination of particles collected on 
thin films using TEM, and the composition of individual ultrafine particles was analyzed by 
energy-dispersive X-ray microanalysis (EDX) in the TEM. This provided data to complement 
the results from the PIXE analyses, which gave the overall composition of the mass of 
particle matter collected on the filters.  
2. Experimental		
Measurements of particle emissions were conducted in July and August 2009 at Brisbane 
Airport, which is one of fastest growing airports in Australia (18.9 million passengers and 
about 180,000 aircraft movements in 2008/09) 15. Two different sampling methodologies 
were designed and used for these measurements: (a) the first set of samples was collected in 
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July 2009 to investigate the overall elemental composition of particle emissions in the airfield 
using the PIXE technique; and (b) the second set of measurements were conducted to 
determine the size distribution, morphology and composition of UFPs in the aircraft exhaust 
during normal landing and takeoff using TEM, with a focus on nucleation mode particles. 
The measured TEM size distribution in this study was validated by the corresponding size 
distributions measured by the scanning mobility particle sizer (SMPS) in our previous study 
2. The sampling design criteria and methodology for each technique are described in the 
following subsections. 
2.1. 	PIXE		
Two identical measurement setups were developed and used to collect simultaneous PM1 
samples for PIXE analysis two at fixed locations: (a) within the airfield and (b) outside the 
perimeter, which was used for background measurements. Details on the measurement setup 
specifications are available in the Supporting Information (section I). The sampling setup in 
the airfield was installed at a distance of 200m from the runway, where the aircraft accelerate 
for takeoff or touchdown when landing. This was the closest location to the runway with 
continual 24/7 access to electricity that complied with the airport safety requirements. The 
airfield samples represent the overall composition profile of PM1 in the airfield. Analysis of 
the wind direction data from the Bureau of Meteorology (BOM) station at Brisbane Airport 
showed that the sampling location was downwind from the runway for at least half of the 
measurement period for each sample. The background location was in an open area outside 
Brisbane Airport and 3 km north-west of the runway, thus representing the general air 
composition profile of the area, without being affected by the immediate impact of emissions 
from airport related activities. Sampling durations were the same for the airfield and 
corresponding background samples, and ranged from 2 to 3 days. 
Elemental analysis using the PIXE technique of the airfield and background samples, along 
with 3 blank filters, was performed at the Institute for Environmental Research, Australian 
Nuclear Science and Technology Organisation (ANSTO).  
2.2. 	TEM		
Low stress Silicon Nitride (Si3N4) Membrane Window TEM grids, with 200 µm frame 
thickness and a 30 nm thick, 0.5 mm wide central window were used in this study (SPI Inc. 
USA). An advantage of using silicon nitride membrane grids is their low contrast with 
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particle samples. In addition, these grids contain no carbon (C), which makes them very 
applicable for analyses of aircraft emission particles, since the main combustion elements are 
C and sulfur (S). A TSI Nanometer Aerosol Sampler (Model 3089), with a flow rate of 1 lpm, 
was utilized in this study to sample UFP emissions in the aircraft exhaust onto the TEM 
grids.  
In order to obtain enough material deposited on the TEM grids, the sampling setup was 
positioned on the side of the runway at Brisbane Airport, at a distance of 70 m downwind 
from the moving aircraft during takeoff and landing. This was the closest distance to the 
runway that the sampling setup could be positioned according to airport security 
requirements. The sampler was powered using an electrical generator and the sampling inlet 
was located 170 cm above the ground. Sampling started from the moment the aircraft touched 
down for landing until it moved into taxiing mode or from when it started accelerating for 
takeoff until it completely took off from the ground (up to 1 min). Since the movement of 
Boeing 737's (B737) were the most frequent at Brisbane Airport compared to other types of 
large commercial aircraft, the B737 exhaust was chosen for TEM analysis 16. In the context 
of the TEM analysis, the background sample (BG) was collected from the same location as 
the aircraft exhaust samples, but at a time when there was no takeoff or landing under way. 
Nevertheless, other aircraft were still operating in the airfield during sample collection, 
including idling and taxiing activities. The methodology for compositional and 
morphological analysis of the grids using TEM and energy-dispersive X-ray microanalysis 
(EDX) are available in the Supporting Information (section II). 
3. Results	and	Discussions	
Results of the PIXE and TEM analyses are detailed separately in the following subsections. 
3.1. 	PIXE		
3.1.1. Elemental	analysis	of	PM1	in	the	airfield		
In total, 5 airfield samples (named A to E) and 5 concurrent samples at the background 
location outside the airfield were included in the analysis. The samples were collected from 9 
- 29 July 2009 and the sampled air volume through the filters ranged from 48 to 73 m3.  
PIXE analysis of the airfield and background samples showed the presence of F, Na, Al, Si, 
P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr and Pb. The background 
 S7
concentrations were subtracted from the airfield samples, which showed similar amounts of 
Na, F and P in both airfield and background samples and these elements were therefore 
excluded from the analysis and further discussions. Figure 1 presents sorted concentrations 
from highest to lowest for these elements on each sample (A, B, C, D and E) along with the 
average values and their standard errors.  
 
 
 
 
 
 
 
 
Figure 1: Elemental concentrations of the collected PM1 in the airfield. Y-axis is in logarithmic scale. The 
horizontal lines and shaded areas demonstrate the average values and their standard errors, respectively. 
The PIXE results in this study showed that Si, Cl, Fe and S were the dominant elements 
detected in airfield samples. A review paper on the properties of non-exhaust particles from 
road traffic reported the existence of a range of elements in vehicular tire wear, including Ba, 
Cd, Co, Cr, K, Mn, Na, Ni, Pb, Sb and Sr, with Al, Ca, Cu, Fe, Ti and Zn being the dominant 
elements 3. Since aircraft movements are the main sources of particles in the airfield and 
assuming that the vehicular tire wear data can be used for aircraft, the presence of Al, Ca, Cr, 
Cu, Fe, K, Mn, Ni, Pb, Sr, Ti, and Zn in the airfield samples can be from the aircraft tire wear 
caused especially during landing and takeoff. S in the samples can be explained by the fact 
that it is found in the aviation fuel in trace amounts (Fuel Sulfur Content, FSC) 5,7. 
Popovicheva et al. (2008) used aircraft kerosene with a sulfur content of 0.11 wt% 17. These 
authors reported that the composition of the water-soluble fraction of aircraft engine 
combustor soot was dominated by sulfates (SO42-), as well as organic ions such as acetate, 
formate and oxalate, however the ions Cl-, NO3-, K+, Na+ and NH4+ were also found. The 
presence of Si can be related to the location of Brisbane Airport, which is adjacent to the 
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ocean (Moreton Bay) and therefore, dominated by marine aerosols and aerosols from very 
fine dust and clay (in the PM1 size range) 18. Cl was present in the aerosol samples in 
significant amounts, but does not appear to be related to Na+ (i.e. from NaCl). Rather, the Cl 
in the samples can be related to lubrication oils, some soluble component in the form of Cl- 
and organic ions in aircraft engine combustor soot17, and the presence of Cl species such as 
HCl, molecular Cl and hypochlorous acid in marine air 9,19,20. 
3.2. 	TEM	
On 3 August 2009, a total of four samples from B737 aircraft exhaust were collected on TEM 
grids, as well as one background sample. Three samples were taken from the aircraft exhaust 
during takeoff and one during landing. All the aircraft exhaust samples were taken from a 
single takeoff or landing activity (named as Grids 1 to 3), except for Grid 4, where the 
exhaust from four individual B737 takeoffs was sampled.  
The silicon nitride membrane window TEM grids used in this study proved to be very fragile 
and the thin films would often tear following collection and handling. This made the analyses 
very difficult and meant that only a portion of the particles collected on the films could be 
observed and analyzed. The dimensions of a total of 526 particles were measured from 
electron micrographs, and the elemental composition of 65 particles was analyzed directly 
using EDX in the TEM. 
3.2.1. Morphology	and	size	distribution	of	aircraft	exhaust	emissions		
The particle material collected on the TEM grids was observed to consist of a fine coating of 
numerous small round deposits or ‘particles’, typically about 10 – 50nm in diameter, together 
with a much smaller number of discrete solid particles and a few larger angular or elongated 
particles. Figure 2 (a – f) shows TEM images from a control silicon nitride film which was 
not exposed to the aerosols (blank sample), and from thin films on which particles were 
collected. The images include a few irregular solid particles, which are indicated by white 
arrows. The appearance of the round deposits is consistent with nucleation mode particles 21. 
The round deposits were also present in the background sample, but not on the blank film 
(Figure 2a), indicating that they were deposited during the collection process.  
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Figure 2: TEM images of particles on thin silicon nitride films. The scale bars are 200 nm except for (a) 
and (e) which are 100 nm. Black arrows indicate typical round deposited material, the white arrows 
indicate discrete solid particles. (a) Blank silicon nitride film; (b) Particles collected from the background 
(BG); (c) Particles collected from an aircraft landing (grid 3); (d) Particles collected from four takeoffs 
(grid 4); (e) Image of particles collected from one takeoff (grid 1) with the specimen tilted by 21°; (f) a 
dark-field scanning transmission image from grid 1 in which particles with higher mass appear brighter. 
The particles observed in the TEM were in the approximate range of 5 to 100 nm in diameter, 
and the density of the round particles on the films was high. A few particle clusters, and some 
deposits exceeding 100 nm were also seen (not shown in Figure 2), many of which appeared 
to be dried droplets. The clusters were similar to the combustion particle structures reported 
using SEM by Petzold et al. for contrail particles larger than 100nm, which were collected 
behind a commercial aircraft 13. These authors observed small clusters of particles with 
diameters between 100 and 200 nm. 
The dimensions of a large number of particles on the films were individually measured from 
micrographs, and the calculated mean equivalent diameters (diameter of a circle with the 
same projected area as the particles), median equivalent diameters and aspect ratios are 
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summarized in Table 1. Most of the measured particles were round deposits; however 
measurements of 72 discrete particles were also made. These particles tended to be more 
irregular in shape, thus resulting in a larger average aspect ratio when all particles were 
included. It should be noted that the deposits in the nucleation mode were by far the most 
dominant particles and that the smallest deposits could not be measured properly, since the 
contrast was too low to distinguish their perimeters. On the other hand, the discrete particles 
were generally more clearly defined and their sizes could be measured to below 10 nm. 
Table 1: Equivalent diameters and aspect ratios of particles on the silicon nitride films determined from 
TEM micrographs. The particles were measured in the range 6.5 – 107 nm. 
 n Mean equivalent 
diameter (nm) 
Median equivalent 
diameter (nm) 
Aspect ratio 
All particles 526 42.7   35.4 1.34 
Round deposits 454 36.7 34.9 1.24 
 
In Figure 2e, the round deposits are presented with the specimen tilted, showing that they are 
dome-shaped and relatively flat. Their shape suggests that they were formed by impact of 
spherical semisolid aerosols onto the film which flattened upon impact, and hence their 
observed diameter will be larger than that of the impacting aerosol particle. Based on these 
considerations, it was possible to correct for the flattening to estimate the original spherical 
particle sizes, as they would be measured by the SMPS. Details on the corrections for aerosol 
flattening calculation are available in the Supporting Information file (section III). 
In order to assess and validate the derived particle size distributions using TEM, they were 
compared against the SMPS results for aircraft engine exhaust emissions during landing and 
takeoff. Figure 3 shows the size distribution of the particles collected on the grids, both 
before and after correction for flattening, with the area between the two corrected boundaries 
shaded in grey. The size distributions are expressed as dF/dLogD, where F is the fraction of 
particles observed in each size class. The numerical data, including the size class intervals 
used to produce the graph, are presented in the Supporting Information file (section IV, 
Tables S1 and 2). Also shown are the size distributions (again expressed as dF/dLogD) 
measured during the takeoff and landing of B737's at Brisbane Airport from our previous 
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study using the SMPS at a distance of 60 to 80m downwind of the runway 2. Figure 3 shows 
good agreement between the two methods, although dF/dLogD in the nucleation mode 
shifted slightly towards larger diameters in the case of the TEM data. As mentioned earlier, 
this is due to the difficulties in accurately measuring the smallest deposits (<15 nm) under the 
TEM because of low contrast in the images. The larger particles on the grids (40 – 100 nm) 
represent the accumulation mode particles. These are in agreement with similar results 
reported by Kirchner et al. from their TEM analysis of diesel exhaust emissions, where small 
circular particles (~10-20 nm) were identified as nucleation mode particles and larger 
particles around 80nm in clusters as soot mode 14,22. 
 
Figure 3: Size distribution of particle equivalent diameters for all B737 takeoff and landing samples using 
TEM, along with particle number size distributions obtained using SMPS 2. The grey shaded area shows 
the boundary of the TEM size distributions, which were corrected for flattening. 
 
3.2.2. Compositional	analysis	of	aircraft	exhaust	emissions		
Analyses were carried out for individual particles on the film, including the round deposits. 
Because of the very small masses of the particles, the X-ray peaks from the samples were 
usually very small and counting times of >100 s were used. Relatively volatile components, 
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such as hydrocarbon residues, were expected to be lost in the high vacuum of the TEM (about 
10-5 Pa) and would not be observed in the TEM. Some particles were observed to disintegrate 
under the beam, showing that many were relatively volatile under these conditions, and such 
analyses were discontinued. Similar beam damage effects were reported in TEM analyses of 
diesel vehicle exhaust particles 22. The angular particles showed brief diffraction patterns, 
suggesting that they were crystalline salts; however they were highly sensitive to the electron 
beam and could only be analyzed for several seconds before disintegrating. Radiation damage 
to samples due to exposure to a high energy electron beam is a well known phenomenon, and 
certain types of samples such as organic materials and halides are known to be especially 
susceptible 23. Therefore quantitative elemental analysis of these TEM samples was not 
meaningful, and hence only the detected elements in the particles are reported in this paper. 
Figure 4 is an X-ray spectrum from a round nucleation mode particle in Figure 2e and shows 
small peaks from C, O, S and Cl in the sample. In some analyses from similar particles, a 
small peak from K was also seen. The presence of K+ in aircraft engine combustor soot was 
also reported by Popovicheva et al. 17. These were the only elements detected in the fine 
round deposits on the films. The element peaks were small mainly because of the extremely 
low mass of these deposits, especially in the nucleation mode size range. It was observed that 
the deposits retained their basic morphology when analyzed in TEM (microprobe) mode, but 
suffered major beam damage when a very fine probe was used for analysis in scanning 
transmission (STEM) mode. Hence, it is very likely that some element loss had occurred 
during the analyses, resulting in very small X-ray peaks from the residual material after 
exposure to the focused beam. 
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Figure 4: An EDX spectrum from a small round nucleation mode particle in Fig. 2(e). The N and Si peaks 
are from the substrate, and the Cu and Fe are from the instrument. The large peak at 0 keV is a noise 
peak. 
Analyses of a number of discrete particles on the films showed a greater range of elements 
than those detected in the round particles. TEM images of several particles and their 
associated X-ray spectra are shown in Figure 5. The composition of these particles varied 
greatly, however they were found to contain one or more additional elements, including Na, 
Al, Si, Ca, Ti, Cr, Fe, Co, Ni, Cu, Zn and Pb.   
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Figure 5: TEM images and X-ray spectra from analyses of discrete particles; (a) and (b) are from grid 4 
(4 takeoffs), (c) and (d) from grid 3 (1 landing). (a) A particle containing Cu and Zn. The spectrum is 
shown compared to a substrate spectrum (grey). (b) A particle containing mainly Ca, Cl and O. The 
substrate spectrum is in grey. (c) A residue in a tear in the support film showing mainly metallic elements 
Fe, Cr and Ni, with some O and C. (d) An apparent soot particle cluster containing mainly C, with small 
amounts of K, Cl and O. 
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The particles collected as the background (BG) were found to contain small amounts of K, 
Cl, S, O and in one case, C, with K found to be the most common element. The particles 
analyzed from the TEM grid collected from a landing (Grid 3) generally contained some or 
all of the background elements, together with the additional elements Ca, Na, Mg and C. A 
deposit on the landing film, approximately 100 × 150 nm in size, was found to contain high 
levels of Fe, Cr, Ni and Cu, together with O and C. Similarly, the particles on Grids 1, 2 and 
4, collected during a number of different takeoff events, usually exhibited some or all of the 
elements observed in the background sample (K, Cl, S and O), but also contained C, Na, Ca, 
Fe, and in a few cases, Si. Two particles, 10 and 30 nm in diameter, were found to contain Cu 
after correction for the background contribution, and one 60 nm particle contained both Cu 
and Zn (Figure 5a). Some irregular deposits ~300 nm in size found on Grid 4 (4 takeoffs) 
showed a range of metallic elements including Si, Cu, Co, Fe, Zn, Cr, Ni, Ti and Pb. The 
elements K, S and Cl were frequently encountered in the particle analyses, as the water 
soluble component in aircraft engine combustor soot contains sulfate (SO42-), Cl-, K+ and 
organic ions 19.   
The analyses of individual particles in the TEM showed that the small round particles 
comprising the nucleation mode particles contained only C, O, S, Cl and in some cases K. 
Analyses of the relatively fewer discrete particles, probably representing an accumulation 
mode, showed a much greater and diverse range of elements, reflecting a likely diverse range 
of sources including tire wear, fine dusts, vehicular traffic and possibly engine wear. The 
element Cl was consistently found in most particles but did not appear to be associated with 
Na. Various photolabile species of Cl are known to be present in marine air 20. In daylight 
these may break down to atomic Cl which will react with any available volatile organic 
compounds (VOC’s). Aircraft engine emissions are the major source of VOC’s at the airport, 
and it is therefore possible that the Cl observed in the particles is the result of such reactions. 
The observed fine round deposits comprising the nucleation mode are consistent with 
ultrafine droplets of condensed organic compounds which impact on the TEM films during 
collection. 
The EDX analyses of particles collected during takeoff and landing were similar and 
generally in agreement with the PIXE results. The detection of K, S and Cl in particles is 
consistent with the PIXE method, which measured the bulk PM1 material collected from the 
airfield on the filters. The elements most commonly detected by PIXE (S, Cl, Fe and Si) were 
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detected by EDX in some particles in the landing and takeoff samples. The metallic elements 
in the TEM samples of landing and takeoff can originate from very fine engine wear debris 
mixed with a combustion product or the engine’s lubricating oil. While most of the elements 
determined by PIXE were detected in at least one TEM analysis, some elements, such as Sr, 
were not detected in any particles. These may have been below the detection limits for the 
EDX method, or the particles containing these elements may not have been found, as TEM 
samples targeted only the aircraft exhaust before being widely dispersed in the air.  
The significance of the results of this study lies in characterizing particle chemical 
composition in the airfield and morphology of aircraft exhaust UFP during normal aircraft 
landing and takeoff operations. The results for elemental composition of particles in this 
paper are generally in good agreement with similar previous studies at controlled or in-flight 
conditions 6-9,12-14,19. The morphological analysis in this paper found nucleation mode 
particles in the aircraft exhaust during landing and takeoff as round condensed volatile 
particles, which agree with similar analysis for combustion particles, for example research 
aircraft engine during controlled conditions and diesel emissions, but do not have the 
morphology of soot particles in clusters that are characteristic of larger combustion particles 
14,22. While the study was conducted in Brisbane Airport, Australia, the outcomes of this work 
are applicable for toxicity analysis, as well as air pollution inventories and source 
apportionment, both at other Australian airports and internationally. 
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I. Details	on	the	PIXE	measurement	setup	
Each measurement setup used a PM1 Sharp Cut Cyclone – SCC-2.229 impactor 1 and a pump 
to draw the air into the impactor and the filter. Whatman Teflon filters (2µm PTFE), which 
did not require pretreatments, were used as the sampling medium and the sample inlet was set 
at a height of 170cm from the ground. The PM1 cyclone sampling flow rate was 16.7 liters 
per minute (lpm) and was controlled using a critical orifice, in line with the pump and the 
filter holder. The housing for the measurement setup consisted of two compartments, one for 
the pump and one for the critical orifice and filter holder. A fan on the side of the pump 
compartment, as well as some air vents were provided to avoid excessive heat built up around 
the pump. The filter compartment had heat insulation to protect the sample from the pump or 
outside heat. 
II. The	methodology	for	compositional	and	morphological	analysis	
of	the	TEM	grids	
Compositional and morphological analysis of the grids was performed for the aircraft 
exhaust, background and blank samples using a Philips CM200 200kV TEM at Queensland 
University of Technology and a JEOL 2100 TEM at the University of Queensland. The 
nominal point-to-point spatial resolution of the instruments was approximately 0.3 and 0.2 
nm, respectively. Particles were imaged using film or a slow scan CCD camera, and analyses 
of individual particles were conducted using energy-dispersive X-ray microanalysis (EDX) 
systems fitted to the instruments. For analysis, a fine electron beam was focused onto a 
particle. Analyses of the support membrane near the particles were also performed under 
 S21
similar conditions. In terms of concentration, the element detection limits for these systems 
were about 0.1 weight % or 1000 ppm. However, the very small size of the particles meant 
that the emitted X-ray intensities were generally very low, and the X-ray spectra inevitably 
contained large Si and N peaks from the support membrane, as well as a Cu contribution 
from the microscope. To confirm the presence of elements in the particles, the X-ray spectra 
were compared to the spectra from the adjacent support membrane, when possible, or the 
membrane spectrum was subtracted from the particle spectrum. Because Si from the 
membrane was present in all spectra, its presence in the particles was difficult to confirm, 
however in a few spectra, it was possible to identify this element by subtraction of the 
membrane background. 
III. Corrections	for	Aerosol	flattening	
 
 
 
Figure S6 is a schematic comparing the diameter of a spherical particle with that of a flat 
deposit, approximated by a spherical cap, with the same volume as the particle. 
 
 
 
 
 
Figure S6: Schematic comparing a deposit, approximated by a spherical cap, with a spherical particle of 
the same volume. 
The observed diameter of the deposit, D, will be larger than that of an equivalent spherical 
particle of diameter d. The ratio of D/d can be calculated as a function of the height of the 
deposit, h, and its diameter. From the images obtained from the tilted samples, the ratio h/D 
was estimated to be roughly 0.15 to 0.2. For these ratios, it can be calculated that the 
observed diameter, D, will be 2.05 to 1.85 times the particle diameter, d, respectively. Thus, 
spherical aerosols that give rise to the observed deposits would be of the order of 18 - 20 nm, 
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assuming that all the mass is transferred to the film. Based on these considerations, it was 
possible to correct for the flattening to estimate the original spherical particle sizes, as they 
would be measured by the SMPS. 
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IV. Numerical	 data	 used	 to	 produce	 Figure	 3	 in	 the	 manuscript	1 
(Tables	S1	and	S2)	2 
 3 
Table S 1 The numerical data including the size class intervals used to produce Figure 5 in the 4 
manuscript. 5 
SMPS Scans  Landing Takeoff 
D 
(nm)  dLogD 
Landing 
(dCn/dLogD) cm‐3  
Takeoff 
(dCn/dLogD) cm‐3   dCn  dF  dF/dLogD  dCn  dF  dF/dLogD 
4.45 
 
0  4685.94  0 0 0 73.24927  0.000216 0.013787
4.61  0.015341  0  0  0 0 0 0  0  0
4.78  0.015727  0  4294.28  0 0 0 67.12695  0.000197 0.012634
4.96  0.016054  7988.09  4094.82  124.8675 0.000674 0.043125  64.00905  0.000188 0.012048
5.14  0.015481  4125.36  5793.79  64.48645 0.000348 0.022272  90.56687  0.000266 0.017046
5.33  0.015764  11296.3  1982.28  176.5805 0.000953 0.060985  30.98643  9.12E‐05 0.005832
5.52  0.015212  16310.8  3615.36  254.9658 0.001376 0.088057  56.51427  0.000166 0.010637
5.73  0.016216  25939.6  13855.8  405.4804 0.002189 0.14004 216.5899  0.000637 0.040766
5.94  0.015632  29889.9  15073.7  467.2304 0.002522 0.161366  235.6278  0.000693 0.044349
6.15  0.015089  29069  49303  454.3983 0.002453 0.156935  770.6904  0.002267 0.145057
6.38  0.015946  47209.5  59758.3  737.9654 0.003984 0.25487 934.1246  0.002748 0.175818
6.61  0.015381  51292.4  45600.1  801.7881 0.004329 0.276912  712.8077  0.002097 0.134162
6.85  0.015489  50948.7  110038  796.4155 0.0043 0.275056  1720.082  0.005061 0.323748
7.1  0.015568  84156.7  127965  1315.513 0.007102 0.454336  2000.312  0.005885 0.376492
7.37  0.016209  118335  145301  1849.779 0.009986 0.638854  2271.304  0.006683 0.427497
7.64  0.015626  120649  198915  1885.951 0.010182 0.651347  3109.382  0.009148 0.585237
7.91  0.015083  171012  180960  2673.211 0.014432 0.923241  2828.715  0.008322 0.532411
8.2  0.015637  184754  262700  2888.022 0.015592 0.99743 4106.451  0.012082 0.772902
8.51  0.016116  179715  287997  2809.253 0.015166 0.970226  4501.887  0.013245 0.84733
8.82  0.015539  248532  358671  3884.981 0.020974 1.341748  5606.642  0.016496 1.055263
9.14  0.015478  284205  457635  4442.611 0.023984 1.534335  7153.619  0.021047 1.34643
9.47  0.015404  343356  497537  5367.243 0.028976 1.853673  7777.356  0.022882 1.463828
9.82  0.015762  361413  512181  5649.504 0.0305 1.951158  8006.267  0.023556 1.506913
10.2  0.016489  444401  597465  6946.749 0.037503 2.399184  9339.402  0.027478 1.757831
 24
10.6  0.016706  461527  736846  7214.458 0.038949 2.491642  11518.17  0.033888 2.16791
10.9  0.012121  484646  823676  7575.847 0.0409 2.616455  12875.47  0.037882 2.423377
11.3  0.015652  502659  834519  7857.422 0.04242 2.713701  13044.96  0.03838 2.455279
11.8  0.018804  520503  859357  8136.354 0.043926 2.810036  13433.22  0.039523 2.528356
12.2  0.014478  528453  907822  8260.626 0.044597 2.852955  14190.81  0.041751 2.670947
12.6  0.014011  589605  1.02E+06  9216.536 0.049757 3.183096  15969.98  0.046986 3.005817
13.1  0.016901  599977  1.04E+06  9378.669 0.050633 3.239091  16190.86  0.047636 3.047389
13.6  0.016268  566110  1.02E+06  8849.269 0.047774 3.056254  15867.91  0.046686 2.986604
14.1  0.01568  584970  1.07E+06  9144.083 0.049366 3.158073  16688.73  0.049101 3.141097
14.6  0.015134  525707  1.07E+06  8217.701 0.044365 2.83813 16773.14  0.049349 3.156984
15.1  0.014624  515527  1.06E+06  8058.57 0.043506 2.783172  16537.26  0.048655 3.112587
15.7  0.016923  481232  964022  7522.481 0.040612 2.598023  15069.32  0.044336 2.836296
16.3  0.016288  425127  941290  6645.463 0.035877 2.29513 14713.98  0.043291 2.769415
16.8  0.013122  368557  879660  5761.177 0.031103 1.989726  13750.59  0.040456 2.58809
17.5  0.017729  302262  673369  4724.873 0.025508 1.63182 10525.91  0.030969 1.981152
18.1  0.014641  242536  636936  3791.253 0.020468 1.309377  9956.401  0.029293 1.87396
18.8  0.016479  256495  508068  4009.456 0.021646 1.384738  7941.973  0.023366 1.494811
19.5  0.015877  166752  448317  2606.619 0.014072 0.900243  7007.963  0.020618 1.319015
20.2  0.015317  150532  323443  2353.073 0.012704 0.812676  5055.968  0.014875 0.951617
20.9  0.014795  96845.8  249181  1513.866 0.008173 0.522841  3895.126  0.01146 0.733127
21.7  0.016313  113182  194303  1769.229 0.009552 0.611035  3037.289  0.008936 0.571668
22.5  0.015723  67196.8  151742  1050.401 0.005671 0.362775  2371.987  0.006979 0.446447
23.3  0.015173  72004.8  111777  1125.558 0.006077 0.388732  1747.266  0.005141 0.328865
24.1  0.014661  65596.5  87277.7  1025.386 0.005536 0.354135  1364.3  0.004014 0.256784
25  0.015923  47638.7  57607.8  744.6745 0.00402 0.257187  900.5086  0.002649 0.169491
25.9  0.01536  45663.5  45332.8  713.7988 0.003854 0.246523  708.6293  0.002085 0.133376
26.9  0.016453  39177.5  43220  612.4115 0.003306 0.211507  675.6027  0.001988 0.12716
27.9  0.015852  28917.1  35214  452.0238 0.00244 0.156115  550.4552  0.00162 0.103605
28.9  0.015294  27244  31087.7  425.8704 0.002299 0.147082  485.954  0.00143 0.091465
30  0.016223  24556.3  35487.9  383.857 0.002072 0.132572  554.7367  0.001632 0.104411
31.1  0.015639  21575.2  38270.7  337.2573 0.001821 0.116478  598.2366  0.00176 0.112598
 25
32.2  0.015095  21364.2  29667.5  333.9591 0.001803 0.115339  463.7539  0.001364 0.087286
33.4  0.015891  12759.1  34149  199.4466 0.001077 0.068882  533.8074  0.001571 0.100471
34.6  0.01533  11906.7  34587.7  186.1221 0.001005 0.064281  540.665  0.001591 0.101762
35.9  0.016018  8504.98  39353.7  132.9474 0.000718 0.045916  615.1658  0.00181 0.115784
37.2  0.015448  8090.59  31981.3  126.4698 0.000683 0.043679  499.9225  0.001471 0.094094
38.5  0.014918  4271.78  35493.2  66.77524 0.00036 0.023062  554.8195  0.001632 0.104426
40  0.016599  6313.77  30729.4  98.69504 0.000533 0.034086  480.3532  0.001413 0.09041
41.4  0.01494  4838.38  30172.9  75.63217 0.000408 0.026121  471.6541  0.001388 0.088773
42.9  0.015457  1447.96  33213.1  22.6341 0.000122 0.007817  519.1777  0.001527 0.097718
44.5  0.015903  2336.84  28232.3  36.52881 0.000197 0.012616  441.3192  0.001298 0.083064
46.1  0.015341  2160.83  35114  33.77748 0.000182 0.011666  548.892  0.001615 0.103311
47.8  0.015727  2166.09  31287.6  33.8597 0.000183 0.011694  489.0788  0.001439 0.092053
49.6  0.016054  2625.77  29477.3  41.04528 0.000222 0.014176  460.7807  0.001356 0.086727
51.4  0.015481  2085.36  31734.2  32.59775 0.000176 0.011258  496.0599  0.001459 0.093367
53.3  0.015764  987.793  34495  15.4409 8.34E‐05 0.005333  539.216  0.001586 0.101489
55.2  0.015212  2211.5  29185.8  34.56953 0.000187 0.011939  456.2241  0.001342 0.085869
57.3  0.016216  2000.15  26732  31.26577 0.000169 0.010798  417.867  0.001229 0.07865
59.4  0.015632  650.021  25354.5  10.16094 5.49E‐05 0.003509  396.3343  0.001166 0.074597
61.5  0.015089  317.264  34042  4.95938 2.68E‐05 0.001713  532.1348  0.001566 0.100157
63.8  0.015946  0  18680.2  0 0 0 292.0035  0.000859 0.05496
66.1  0.015381  1895.01  20401.9  29.62225 0.00016 0.010231  318.9167  0.000938 0.060025
68.5  0.015489  1656.82  25241.2  25.89894 0.00014 0.008945  394.5632  0.001161 0.074263
71  0.015568  458.465  22348.5  7.166594 3.87E‐05 0.002475  349.3454  0.001028 0.065753
73.7  0.016209  761.34  18509.6  11.90105 6.43E‐05 0.00411 289.3368  0.000851 0.054458
76.4  0.015626  1348.8  18040.3  21.08406 0.000114 0.007282  282.0008  0.00083 0.053077
79.1  0.015083  0  15979  0 0 0 249.7792  0.000735 0.047013
82  0.015637  1364.54  15023.4  21.3301 0.000115 0.007367  234.8415  0.000691 0.044201
85.1  0.016116  787.824  15657  12.31504 6.65E‐05 0.004253  244.7457  0.00072 0.046065
88.2  0.015539  1506.28  14521  23.54574 0.000127 0.008132  226.9881  0.000668 0.042723
91.4  0.015478  102.47  10486.2  1.601782 8.65E‐06 0.000553  163.9173  0.000482 0.030852
94.7  0.015404  712.392  7875.9  11.13591 6.01E‐05 0.003846  123.1138  0.000362 0.023172
 26
98.2  0.015762  274.01  7162.16  4.283246 2.31E‐05 0.001479  111.9568  0.000329 0.021072
102  0.016489  553.344  4897.42  8.649715 4.67E‐05 0.002987  76.55507  0.000225 0.014409
106  0.016706  655.84  5133.72  10.2519 5.53E‐05 0.003541  80.24884  0.000236 0.015104
109  0.012121  698.726  9593.08  10.92228 5.9E‐05 0.003772  149.9563  0.000441 0.028224
113  0.015652  0  8027.96  0 0 0 125.4908  0.000369 0.023619
118  0.018804  347.626  8136.46  5.43399 2.93E‐05 0.001877  127.1868  0.000374 0.023939
122  0.014478  347.56  4735.38  5.432958 2.93E‐05 0.001876  74.0221  0.000218 0.013932
126  0.014011  694.987  2680.75  10.86384 5.87E‐05 0.003752  41.90472  0.000123 0.007887
131  0.016901  0  3936.22  0 0 0 61.52986  0.000181 0.011581
136  0.016268  0  4660.43  0 0 0 72.85051  0.000214 0.013712
141  0.01568  0  7175.56  0 0 0 112.1663  0.00033 0.021112
146  0.015134  0  9367.19  0 0 0 146.4252  0.000431 0.02756
151  0.014624  700.736  13366.6  10.9537 5.91E‐05 0.003783  208.9429  0.000615 0.039327
157  0.016923  351.93  12490.4  5.501269 2.97E‐05 0.0019 195.2464  0.000574 0.036749
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
Table S 2 The numerical data for the particle size distribution of the particles collected on the TEM grids 17 
used to produce Figure 5 in the manuscript. 18 
 
Log Class*  MidPoint Log**  MidPoint Diameter (nm) 
Corrected 
Diameter  by 
1.85 (nm) 
Corrected 
Diameter  by 
2.05 (nm) 
Frequency  PerceConc
1  0.058  0.029  1.142  0.617  0.557  0.000  0.000
 27
2  0.115  0.086  1.303  0.704  0.636  0.000  0.000
3  0.173  0.144  1.488  0.804  0.726  0.000  0.000
4  0.230  0.201  1.699  0.918  0.829  0.000  0.000
5  0.288  0.259  1.939  1.048  0.946  0.000  0.000
6  0.345  0.316  2.214  1.197  1.080  0.000  0.000
7  0.403  0.374  2.527  1.366  1.233  0.000  0.000
8  0.460  0.431  2.885  1.560  1.408  0.000  0.000
9  0.518  0.489  3.294  1.781  1.607  0.000  0.000
10  0.575  0.546  3.761  2.033  1.834  1.000  0.002
11  0.633  0.604  4.293  2.321  2.094  0.000  0.000
12  0.690  0.662  4.901  2.649  2.391  0.000  0.000
13  0.748  0.719  5.595  3.025  2.729  0.000  0.000
14  0.805  0.777  6.388  3.453  3.116  0.000  0.000
15  0.863  0.834  7.293  3.942  3.557  2.000  0.005
16  0.920  0.892  8.326  4.500  4.061  0.000  0.000
17  0.978  0.949  9.505  5.138  4.636  3.000  0.007
18  1.035  1.007  10.851  5.865  5.293  2.000  0.005
19  1.093  1.064  12.388  6.696  6.043  2.000  0.005
20  1.151  1.122  14.142  7.644  6.899  2.000  0.005
21  1.208  1.179  16.145  8.727  7.876  2.000  0.005
22  1.266  1.237  18.432  9.963  8.991  4.000  0.009
23  1.323  1.294  21.042  11.374  10.265  5.000  0.012
24  1.381  1.352  24.022  12.985  11.718  14.000  0.033
25  1.438  1.409  27.425  14.824  13.378  31.000  0.073
26  1.496  1.467  31.309  16.924  15.273  65.000  0.154
27  1.553  1.524  35.743  19.321  17.436  82.000  0.194
28  1.611  1.582  40.806  22.057  19.905  76.000  0.180
29  1.668  1.639  46.585  25.181  22.724  43.000  0.102
30  1.726  1.697  53.183  28.748  25.943  20.000  0.047
 28
31  1.783  1.755  60.715  32.819  29.617  16.000  0.038
32  1.841  1.812  69.314  37.467  33.812  7.000  0.017
33  1.898  1.870  79.132  42.774  38.601  18.000  0.043
34  1.956  1.927  90.339  48.832  44.068  5.000  0.012
35  2.013  1.985  103.134  55.748  50.309  5.000  0.012
36  2.071  2.042  117.741  63.644  57.435  10.000  0.024
37  2.128  2.100  134.417  72.658  65.569  0.000  0.000
38  2.186  2.157  153.454  82.948  74.856  6.000  0.014
39  2.244  2.215  175.188  94.696  85.458  2.000  0.005
40  2.301  2.272  200.000  108.108  97.561  0.000  0.000
 19 
 20 
*  Log Class = log (maximum detected particle diameter)/number of bins 21 
** MidPoint Log = Log Class/2 22 
 23 
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